Objective: We evaluated how attention deficit-hyperactivity disorder (ADHD) and learning disability (LD) are associated with concussion history and performance on standard concussion assessment measures. Based on previous reports that developmental disorders are associated with increased injury proneness and poorer cognitive performance, we anticipated that ADHD and LD would be associated with increased history of concussion and poorer baseline performance on assessment measures.
INTRODUCTION
Over the past 2 decades, increased appreciation for the prevalence and acute effects of concussions have led to dramatic increases in research, public interest, and media coverage about the short-term and possible long-term effects of concussions. Sport-related concussion has dominated discussions, perhaps because of the opportunity to garner data on large samples of concussed athletes and due to the risk some face for repeated exposure to mild head trauma. Concussion is common in contact sports across age groups, [1] [2] [3] with emergency department visits for sport-related concussions doubling from 1997 to 2007 in 8-to 13- year-old children and tripling in 14 to 19 year olds. 4 Fortunately, greater concern has been met with an increase in scientifically informed guidelines regarding how to identify and monitor concussed athletes. Broadly, these guidelines call for implementing standardized measures of subjective symptoms as well as cognitive and other acute deficits that commonly occur after concussion. 5 Despite significant advances in concussion assessment, practitioners face challenges applying standard measures and guidelines to individual cases, particularly when individual circumstances complicate the application of normative procedures to an athlete's assessment and treatment plan. One assumption of consensus guidelines on concussion management is that a history of developmental disorders (eg, attention deficithyperactivity disorder [ADHD] and learning disability [LD]) confounds assessment, 5, 6 perhaps because normative data regarding performance on concussion measures may not apply to such populations, or because such athletes may have unique risk profiles regarding their propensity for and response to injury. However, few studies have accumulated samples of special populations large enough to answer questions about how potential risk factors associated with neurodevelopmental disorders truly influence the prevalence of and response to concussion. By aggregating 2 prior large-scale studies, we were able to evaluate how ADHD and LD are associated with concussion history and compile baseline data on standard concussion measures for reference by practitioners involved in the assessment of concussed athletes with developmental disorders.
There is some indication that ADHD and LD could confer increased risk for concussion in athletes. For example, children with ADHD are at increased risk for numerous types of injuries and accidents (including concussions). [7] [8] [9] Lower intellectual ability and achievement are also associated with increased head and non-head injuries in children, 10 implying that injury proneness and achievement or intellectual deficits may share a common etiology. However, the literature on this topic is fraught with methodological weaknesses 11 and contradictory findings (eg, in 1 sample, ADHD was associated with increased pedestrian injuries but fewer sports injuries), 8 and some authors have suggested that other factors, such as antisocial behavior (highly comorbid with ADHD) and family psychosocial variables, are better predictors of injury proneness than is hyperactivity or ADHD. 11, 12 If children with developmental disorders are at increased risk for concussions, it is all the more important to have assessment tools that are validated for these populations. Assessment of concussion in children with ADHD and LD is difficult partly because many clinical markers of concussion overlap with the common sequelae of these disorders. Furthermore, little work has been published documenting how such populations respond to standard assessment tools. There is some evidence that LD and a history of multiple concussions are both associated with poorer baseline performance on neuropsychological tests and that athletes with both LD and histories of concussion perform particularly poorly on some neurocognitive tests. 13 However, in this sample, the apparent association between LD and concussion history was nonsignificant (rates of LD were nearly double in those with a history of multiple vs no concussions, but cell sample sizes were small relative to this study), and rates of and associations with ADHD were not reported. A recent study reported that athletes with ADHD and/or LD report more symptoms and perform more poorly at baseline on the computerized cognitive test, ImPACT, 14 although group differences (ADHD, LD, Comorbid ADHD/LD, Control) in concussion history were not significant.
This study begins to answer key questions about the relationship between 2 highly comorbid developmental disorders, 15, 16 ADHD and LD, and issues relevant to evaluating athletes after concussion. Our first aim was to extend the aforementioned literature on ADHD, intellectual disability, and injury proneness to determine the extent to which ADHD and LD are associated with histories of multiple concussions in athletes. A secondary aim was to demonstrate how ADHD and LD influence performance on standard concussion assessment measures (symptom ratings and neuropsychological tests). We hypothesized that ADHD and LD would be associated with increased concussion history as well as increased symptoms and poorer cognitive performance at baseline. We also explored the extent to which developmental disorders and concussion histories interact in predicting symptoms and cognitive performance.
MATERIALS AND METHODS

Participants
The study sample aggregated data from 2 separate projects: the National Collegiate Athletic Association (NCAA) Concussion Study and Project Sideline. The NCAA study enrolled 4238 male football players from 15 US colleges during the 1999, 2000, and 2001 seasons. Project Sideline began in 2000 and baseline tested 3961 high school athletes (97% male) in southeastern Wisconsin. The studies were approved by the institutional review boards of their parent institutions (University of North Carolina and Waukesha Memorial Hospital). Sports included football, hockey, and boys' and girls' soccer. Portions of data from these studies have been reported elsewhere. [17] [18] [19] [20] In both studies, athletes were baseline tested and followed prospectively after concussions. For the present purposes, only baseline data for participants who reported their ADHD and LD histories were analyzed, yielding 8056 available cases (with ns for select measures being lower due to missing data). This sample had a mean age of 18.00 years (SD = 2.07), was 96.0% male, was predominantly white (73.5%) and African American (21.5%), and was distributed as follows by sport: 93.4% football, 5.3% soccer, and 1.3% hockey. The sample contained 7504 (93.1%) participants without selfreported ADHD or LD, 242 (3.0%) with ADHD only, 233 (2.9%) with LD only, and 77 (1.0%) with both ADHD and LD.
Measures
History Form
Participants completed preseason baseline evaluations to gather relevant history information (via one-on-one interview) and assess performance on standard concussion assessment measures. Questions targeted various demographic, academic, and medical/psychiatric history. Concussion was described to athletes as a blow to the head causing an alteration in mental status and 1 or more of the following symptoms (prescribed by the American Academy of Neurology Guideline for Management of Sports Concussion): headache, nausea, vomiting, dizziness/balance problems, fatigue, difficulty sleeping, drowsiness, sensitivity to light or noise, blurred vision, memory difficulty, and difficulty concentrating. 21, 22 scale (from 0/absent to 6/severe). Although different versions of the questionnaire were used in the 2 study samples, 19 there was a high degree of overlap among the items, with participants in this combined data set rating 16 common items (summed to create the total symptom score referenced in the results): headache, nausea, vomiting, balance problems/dizziness, fatigue, trouble sleeping, sleeping more than usual, drowsiness, sadness, numbness/tingling, feeling like "in a fog," difficulty concentrating, difficulty remembering, sensitivity to light, feeling slowed down, and nervousness. Ratings on the full and 16-item scale correlate r = 0.98, P , 0.001.
Standardized Assessment of Concussion
The SAC 23 is a brief sideline evaluation of cognitive status containing 4 components: orientation, immediate memory, concentration, and delayed recall. Scores range from 0 to 30 with lower scores indicating more severe cognitive impairment. Prior work has demonstrated the reliability and validity of the SAC for detecting the acute cognitive effects of concussion and for monitoring recovery. 24, 25 Neuropsychological Measures A number of paper-and-pencil neuropsychological measures were included due to their sensitivity to concussion. 13 These were administered by the research team or certified athletic trainers who were trained in the administration and scoring of these tests. These included the Hopkins Verbal Learning Test-Revised, 26 Trail Making Test Part B, 27 Symbol-Digit Modalities, 28 the Stroop Color-Word interference test, 29 and the Controlled Oral Word Association Test (FAS). 30 With the exception of the Trail Making Test (where lower time to complete the task is associated with better performance), lower scores on the tests indicate more severe impairment.
Statistical Analysis
Risk ratios were computed at each level of concussion history (0, 1, 2, or 3+) to illustrate the prevalence ratios of suffering repeat concussions given a diagnosis of ADHD or LD. Analyses of baseline symptom and neuropsychological performance differences between groups were evaluated using 2-way analyses of variance (ANOVAs) with ADHD and LD entered as the independent variables. Interactions between ADHD and LD were initially entered in these ANOVA models, but because no interactions were present for the SAC and neuropsychological measures, the interaction terms were trimmed, and we reported findings only on the main effects for these measures.
Because of an interaction between ADHD and LD for symptom scores, follow-up comparisons are reported for this variable. As these follow-up tests led to secondary (exploratory) analyses of differences between subgroups (ADHD only vs none) on endorsement of specific postconcussive symptoms, we performed adjustment for multiple comparisons for these analyses (Table 2) using the false discovery rate method. 31 Analyses of symptom and neuropsychological measures excluded individuals with prior histories of concussion to isolate effects of ADHD and LD. This was done to avoid any potential confound between concussion history and symptom reporting or neuropsychological test performance, although the literature on the topic remains somewhat unclear regarding the existence of any such associations (particularly for neuropsychological test data). However, after presentation of these results, exploratory analyses of the interaction between ADHD/LD and concussion history are presented on the variables (GSC, SAC) for which we had adequate sample sizes.
RESULTS
Preliminary Analyses
Exploratory analyses of demographic differences between groups revealed that those with versus without ADHD were slightly younger, ADHD+ mean age (SD) = 17.38 (1.92) versus ADHD2 18.03 (2.07) years, t(7983) = 25.43, P , 0.001, but age was unrelated to LD status, t(7983) = 1.56, P = 0.119. However, years of play in the primary study sport was unrelated to ADHD status (6), t (4035) = 1.02, P = 0.309, or LD status (6), t(4035) = 20.97, P = 0.330. These findings rule out the possibility that any increased concussion history in athletes with ADHD or LD could be due to these participants having had more time to sustain concussions and/or receive an ADHD/LD diagnosis. Although the proportion of males was slightly higher for participants with versus without ADHD, 98.1% versus 95.9%, x 2 (1) = 23.98, P = 0.046, as well as those with versus without LD, 99.0% versus 95.8%, x 2 (1) = 27.83, P = 0.005, very small samples of females in the clinical groups (ns = 1-5) did not permit separate analysis of effects by gender. However, it is worth noting that the magnitude and pattern of significant effects is unchanged when considering only the male subjects.
Prior Concussions by Attention Deficit-Hyperactivity Disorder/Learning Disability Status
Risk ratios were first computed comparing all subjects with versus without ADHD (regardless of LD status), and contrastly, all subjects with versus without LD (regardless of ADHD status). Overall, there was a significant relationship between number of prior concussions and the presence of both ADHD, x 2 (3) = 39.34, P , 0.001, u = 0.070, and LD, x 2 (3) = 15.11, P = 0.002, u = 0.043. ADHD and LD were each associated with a stepwise increase in prevalence of multiple concussions (with prevalence for 3+ vs 0 concussions being 2.93 for ADHD and 2.08 for LD; Table 1 ). A second set of risk ratios were computed on ADHD-only (vs no ADHD/LD, or None), LD-only (vs None), and ADHD + LD (vs None) groups, which produced smaller cells sizes but arguably more distinct groups. These secondary analyses revealed a prevalence ratio for 3 or more (vs 0) concussions of 2.88 (95% CI = 1.91-4.35) for the ADHDonly (vs none) group, 1.81 (95% CI = 1.06-3.10) for LD-only (vs none), and 3.38 (95% CI = 1.76-6.51) for ADHD+LD combined (vs none).
Relationships Between Attention Deficit-Hyperactivity Disorder/Learning Disability and Baseline Symptom Reporting and Neurocognitive Test Performance
Self-Reported Symptoms
An interaction between ADHD and LD on symptom scores, F(1,5921) = 11.60, P = 0.001, seemed to be explained by an elevation in symptom ratings for the ADHD-only (ie, ADHD without comorbid LD) group relative to all other groups: for example, this group (mean = 5.76, SD = 8.26) had a significantly higher GSC score than normal controls (no ADHD or LD, labeled "None" in Table 1 , mean = 3.05, SD = 5.97), t(165.939) = 24.15, P , 0.001, d = 0.32 (similarly, other pairwise tests for ADHD-only vs other groups were significant with ps , 0.01), whereas no pairwise tests between none, LD-only, and ADHD + LD groups reached statistical significance (all ps . 0.200). Follow-up analyses were performed on self-reported symptoms to identify whether particular symptoms were endorsed more highly than others by participants with ADHD-only versus all other subjects (Table 2) . Intuitively, difficulty concentrating was the most highly endorsed symptom in participants with ADHDonly and was endorsed more frequently than other subjects (34% vs 10%, P , 0.001). Other symptoms that were endorsed more for participants with ADHD only were fatigue (31% vs 22%, P = 0.007), trouble sleeping (25% vs 13%, P , 0.001), difficulty remembering (21% vs 8%, P , 0.001), balance problems (14% vs 7%, P = 0.003), and feeling like in a "fog" (6% vs 3%, P = 0.034). [Since participants with ADHD were nominally but significantly younger than controls (mean age 17.38 vs 18.03, respectively) supplementary analyses were undertaken to ensure that neuropsychological deficits and enhanced symptom reporting associated with ADHD were not due to age differences between groups. Specifically, effects of ADHD on neuropsychological and symptom measures were recomputed using a control group randomly selected to be closely matched with the ADHD participants on age, P = 0.573. This reanalysis produced highly similar patterns of effects and effect sizes for both neuropsychological and symptom measures]. Because of the exploratory nature of this set of analyses, adjustment for multiple comparisons was performed using the false discovery rate method. 31 All significant group differences except for that on the item "feeling like in a 'fog'" remained significant after adjustment. 
Standardized Assessment of Concussion
Neuropsychological Performance
The main effects of ADHD and LD on the neuropsychological measures are presented in Table 4 . Represents a subset of the sample with no history of concussion. ADHD/LD main effects extracted from a series of 2-way ANOVAs (there were no interactions between ADHD and LD on these measures). Possible score ranges are as follows: total score (0-30), orientation (0-5), immediate memory (0-15), concentration (0-5), and delayed memory (0-5).
SAC, standardized assessment of concussion. Represents a subset of the sample with no history of concussion. ADHD/LD main effects extracted from a series of 2-way ANOVAs (preliminary analyses found no interactions between ADHD and LD on these measures). Higher scores on Trails represent worse performance. Possible score ranges are as follows: HVLT Immediate Recall (0-36), HVLT Delayed Recall and Recognition (0-12), Symbol-Digit (0 or more; number correct in 90 seconds), Stroop (0 or more; number correct in 45 seconds), Trails/COWAT (0 or higher).
COWAT, Controlled Oral Word Association Test; HVLT, Hopkins Verbal Learning Test.
Interactions Between Attention Deficit-Hyperactivity Disorder, Learning Disability, and Concussion History
Secondary analyses were also conducted to explore the interaction of ADHD, LD, and concussion history for symptom ratings and SAC scores (as data on these variables was available for the largest portion of the sample). A 3-way (ADHD · LD · concussion history) interaction was present for symptom ratings, F(1,8023) = 21.40, P , 0.001. The Figure illustrates the nature of the interaction, where a main effect of concussion history was significant and largest for individuals with ADHD (such that individuals with ADHD and multiple historical concussions reported more symptoms than those with ADHD and fewer concussions; h 2 P = 0.051, P , 0.001). A significant but smaller effect of concussion history was present in normal controls (h 2 P = 0.028, P , 0.001), whereas symptom reporting was unrelated to concussion history in participants with LD (h 2 P = 0.009, P , 0.159). A large effect of concussion history on symptom reporting was also present for athletes with comorbid ADHD and LD (with more historical concussions associated with increased symptom reporting in this group; h 2 P = 0.283, P , 0.001), but this effect is likely less stable as sample size was extremely limited in groups with comorbid ADHD/LD and 2 (n = 4) or 3+ (n = 8) concussions. There were no 2-or 3-way interactions with concussion history for the SAC total or subtest scores.
DISCUSSION
This study is one of the first to address questions about the extent to which a history of ADHD or LD is associated with athletes' histories of concussion and responses to standard concussion assessment measures. In this large baseline sample of high school and collegiate athletes, both ADHD and LD were associated with roughly 2 to 3 times the prevalence of having experienced multiple historical concussions. This is consistent with prior work on the relationship between neurodevelopmental disorders and injury risk, suggesting that athletes with ADHD and/or LD are at increased risk for repetitive concussive injuries. The results also complement recent findings from another sample (n = 139) in which NCAA Division I athletes with self-reported ADHD more commonly reported a history of concussion than those without ADHD. 32 Based on the defining characteristics and associated features of ADHD (eg, executive dysfunction, impulsivity), it is intuitive that ADHD in particular was associated with increased concussion exposure as compared with LD. To the extent that repeat concussions may result in a cumulative impact on neurologic functioning, [33] [34] [35] [36] these findings suggest that caution is warranted in managing concussion in athletes with ADHD and LD, given their elevated history of repeat injury (and possible increased risk for future reinjury). Future work directly exploring how developmental disorders may affect acute response to concussions will be useful to determine the extent to which ADHD and LD are associated with an altered course of recovery.
Another question for further study pertains to the mechanism underlying increased risk of concussion in individuals with developmental disorders. For example, could the neurocognitive underpinnings of these disorders (eg, disinhibition, impaired self-monitoring, or increased reaction time during cognitively demanding tasks) lead these athletes to high-risk situations on the field? Or, do underlying neurophysiological substrates of ADHD/LD create a lower threshold for the occurrence of concussion and clinical manifestation of concussive symptoms? Ongoing work will be important to understand what factors predict individual thresholds for concussive injury in ADHD/LD populations. The advent of newer accelerometer technologies that enable the recording of head impacts in real time and correlation of biomechanical data with clinical measures may be especially informative in this regard.
That participants with ADHD reported more symptoms at baseline (eg, 34% reported difficulty concentrating, vs 10% of controls) implies that using a uniform approach to interpret postinjury data in athletes with ADHD could mislead practitioners to overestimate the presence and severity of concussion in these athletes. Surprisingly, although ADHD alone was associated with increased symptom reporting, comorbid ADHD/LD was not. This indicates that athletes with both ADHD and LD respond to the GSC more like those with LD than those with ADHD, a finding that requires replication and further study to determine its underlying cause. Furthermore, symptom reporting in the ADHD group was related to concussion history such that athletes with both ADHD and concussive histories reported more baseline symptoms than those with ADHD and more minimal concussive histories. Additional study is required to determine whether this finding reflects chronic symptoms associated with incomplete recovery from concussions in athletes with ADHD versus cohort effects (eg, groups with ADHD and concussive histories may have more severe ADHD, which could jointly cause more symptoms and injury proneness).
Attention deficit-hyperactivity disorder and LD were also both associated with poorer baseline performance on neuropsychological tests, with LD associated broadly with reduced performance on nearly all cognitive measures and ADHD associated more selectively with decrements on measures of attention and executive control. Although current guidelines do not advocate for routine baseline testing, 5 these findings underscore the potential importance of baseline testing in such special populations given the challenges in applying normative data to these individuals. Alternatively, practitioners without baseline data on athletes with ADHD/ LD can reference available studies such as this to determine how best to adjust clinical judgments for athletes with these conditions. It is unclear to what extent the small but significant group differences on the SAC (roughly 1 point lower for ADHD and LD vs control participants) are clinically meaningful, but given the measure's small scale and prior work finding high (94%) sensitivity (to concussion) for a 1-point decline in SAC total scores, 24 a 1-point difference may be meaningful for this measure.
Although these findings represent a preliminary step in demonstrating the relevance of considering developmental disorders in concussion assessment, several methodological limitations warrant mention. Most importantly, histories of developmental disorders and prior concussions were assessed at the same time (ie, cross-sectionally) through retrospective self-report. Because of lack of temporality, we cannot draw conclusions regarding causation, although we can hypothesize that ADHD/LD could increase risk of concussion given common assumptions about these disorders as rooted in early development. That rates of ADHD and LD in our sample were comparable with epidemiologic data 37 and patterns of neuropsychological deficits across ADHD and LD groups consistent with prior work suggests that athletes' self-report may be accurate. Furthermore, our sample predominantly consisted of male football players, and consequently, these results may not apply to female athletes or athletes from other sports. Nevertheless, analysis of special populations within already restricted samples of concussed athletes is challenging, and this study accumulated one of the largest available samples to date of athletes with ADHD and/or LD from which to begin to answer important questions about these populations. With several large-scale prospective studies of sport-related concussion ongoing and continued improvements to the science of concussion research, in the future, it should be possible to follow athletes with ADHD/LD as injuries occur to better understand the interplay between such individual factors and risk for and response to concussive injury.
In summary, athletes with ADHD and/or LD have a higher prevalence of self-reported prior concussion and respond differently than normal controls on concussion assessment measures. Attention deficit-hyperactivity disorder was associated with increased symptom reporting at baseline, and both ADHD and LD were associated with lower performance on baseline cognitive testing. Concussion history and ADHD also seem to interact such that athletes with ADHD and histories of multiple concussions reported higher symptom levels at baseline than those with ADHD and fewer prior injuries. The findings imply that athletes with ADHD and/or LD may represent at-risk groups and may require tailored assessment and management strategies. Preseason baseline testing, or the use of separate normative data, may be particularly important for these populations. Future work should elucidate the mechanism for possible increased injury risk and evaluate whether recovery after concussion is altered in individuals with neurodevelopmental disorders.
